Introduction
Depression continues to exact enormous costs on society: one in six individuals in the U.S. will develop depressive symptoms requiring treatment, and depression is a leading cause of disability worldwide . Available antidepressants, all of which target the brain's monoamine systems, can be highly effective in some patients, but more than half of all depressed individuals remain symptomatic despite optimal therapy. A major goal of current research is to better understand the neurobiology of depression so that more effective treatments can be developed.
We have used chronic social defeat stress in mice as a useful animal model of depression and other stress-related disorders.
Chronic defeat stress induces a range of depression-like symptoms, including a profound social avoidance, which can be reversed by chronic, but not acute, administration of standard antidepressant medications Tsankova et al., 2006) . Moreover, not all mice subjected to such repeated stress develop these symptoms, which has allowed the use of the social defeat paradigm to study the neurobiology of resilience as well . While numerous brain regions likely contribute to susceptibility and resilience to social defeat stress, our work has focused on a crucial role of the nucleus accumbens (NAc) and related regions of the brain's reward circuitry in determining susceptibility versus resilience to social defeat stress. Genome-wide analyses of gene expression and chromatin changes in the NAc of susceptible and resilient mice have revealed possible molecular mechanisms underlying responses to chronic social defeat stress Krishnan et al., 2007; Covington et al., 2009; Wilkinson et al., 2009) .
For example, in a recent genome-wide analysis of repressive histone methylation in NAc of mice subjected to chronic social defeat stress, we identified numerous genes where stress induced changes in histone methylation in susceptible but not resilient mice . Prominent among these genes was dishevelled (DVL)-2, a key step in the Wingless (WNT)-Frizzled signaling cascade (Gao and Chen, 2010) , which has been extensively characterized in cancer and developmental biology, and more recently has been investigated in several psychiatric models (see Discussion, below) . Under basal conditions, DVL is maintained in the cytoplasm in an inactive, depolymerized form. WNT, secreted from afferent cells, activates Frizzled, a plasma membrane receptor, which then triggers the binding and polymerization of DVL. The primary downstream signaling mechanism of DVL is termed the canonical pathway, where DVL activation leads to its binding of Axin, phosphorylation and inhibition of glycogen synthase kinase-3␤ (GSK3␤), and the regulation of several downstream targets, including ␤-catenin (Gao and Chen, 2010) .
In the present study, we focused on regulation of the WNT-DVL-GSK3␤ signaling pathway in NAc by chronic social defeat stress. We demonstrate concerted regulation of multiple proteins in this pathway, including all three isoforms of DVL (DVL1-3) and GSK3␤, in susceptible but not resilient mice, and provide direct, causal evidence that such regulation represents a prodepression-like maladaptation that promotes susceptibility to chronic stress.
Materials and Methods
Social defeat stress paradigm and social interaction test. Male C57 mice (7-9 weeks old) were obtained from Jackson Laboratory and housed on a 12 h light-dark cycle with access to food and water ad libitum. Male CD1 retired breeder mice (9 -13 months old) were obtained from Charles River Laboratories. All animal procedures were approved by Mount Sinai's Institutional Animal Care and Use Committee. The total number of animals used in these experiments was 240.
Mice, acclimated to the facility for 1 week before any experimentation, were subjected to chronic social defeat stress exactly as described previously Krishnan et al., 2007) . CD1 mice, prescreened for a threshold level of aggressive behavior, were used to defeat the C57 mice. The C57 mice were defeated for 10 min per day and then housed for the remainder of the day with the aggressor but separated by a Plexiglas screen. This process was repeated daily for 10 consecutive days with a different CD1 aggressor each day. Control animals were housed in divided cages with another C57 mouse. On day 11, defeated animals were subjected to a social interaction test and sorted into either susceptible or unsusceptible (resilient) phenotypes based on interaction scores .
Briefly, during the social interaction test, the mice were placed in an open field (42 ϫ 42 cm) with a small empty Plexiglas cage placed on one wall. The amount of time the animal spent in the area around this cage was measured for 2.5 min. A novel CD1 mouse was then introduced into the Plexiglas cage and the procedure was repeated. The tests were performed under red light. Those animals that spent more time in the interaction zone when a novel mouse target was present compared with when it was absent were considered resilient . Those animals that spent less time in the interaction zone when the target was present compared with when it was absent were considered susceptible. In general, control animals spent more time in the interaction zone when the target was present. Animals were killed 1 d later for biochemical analyses.
For the submaximal defeat paradigm (see Figs. 4, 5) , C57 mice were subjected to repeated defeat episodes over 1 d. Animals were placed into the CD1 aggressor's cage for 5 min, followed by a 10 min break. This was repeated two further times with different CD1 aggressors. This submaximal defeat paradigm has been used by our group previously to test whether an experimental manipulation (e.g., viral gene transfer or drug treatment) might potentiate an animal's susceptibility to defeat stress . Such submaximal 1 d defeats were done after any other behavioral testing (sucrose preference, forced swim test).
In other cases, i.e., for the dominant-negative GSK3␤ (dnGSK3␤) data (see Fig. 5 ) and studies of wild-type DVL, a full course of social defeat was performed on an accelerated schedule (twice a day for 10 min per day for 4 d; 8 total defeats). We have shown that this accelerated paradigm, which is sufficient to induce maximal avoidance behavior in control animals, is necessary due to the transient transgene expression of Herpes simplex virus (HSV) vectors .
RNA isolation and PCR analysis of WNT-␤-catenin signaling pathway. NAc samples were collected and processed as described previously . Briefly, bilateral 14 gauge tissue punches were taken on ice from animals following rapid decapitation. Samples were placed on dry ice and stored at Ϫ80°C. For RNA isolation, samples were thawed on ice. TriZol (Invitrogen) was added and samples were homogenized. Chloroform was added and samples were spun to separate layers. The clear layer was then processed with an RNAeasy MicroKit (Qiagen). Samples were analyzed with NanoDrop and 500 ng of RNA was reverse transcribed using a qScript kit (VWR). The cDNA was diluted to 500 l and 3 l were used per quantitative PCR. The reaction mixture consisted of Perfecta SYBR Green (5 l), forward and reverse primers (0.5 l each), water (1 l), and cDNA template. Samples were then heated to 95°C for 2 min followed by 40 cycles of 95°C for 15 s, 60°C for 33 s, and 72°C for 33 s. Analysis was done via the ⌬⌬C(t) method . Samples were normalized to GAPDH. Primer pairs are shown in Table 1 .
Viral vector construction. Wild-type and dominant-negative (K85A, K86A) GSK3␤ cDNAs were provided by Dr. Richard Jope (University of Alabama-Birmingham, Birmingham, AL). PCR primers were generated to the 3Ј and 5Ј end of the GSK3␤ cDNAs to add KpnI and EcoRI restriction sites, respectively. PCR products were then digested, purified, and ligated into the KpnI and EcoRI sites in the HSV p1005 plasmid, which also expressed GFP under a separate transcriptional unit (Clark et al., 2002) . Correct p1005 ligation was verified by sequencing.
Wild-type DVL1 and a DVL1 construct containing a deletion of the PDZ domain (DVL1-⌬PDZ) of the protein were obtained from Dr. Patricia Salinas (University College London, London, UK). DVL2 was obtained from Dr. Mariann Bienz (University of Cambridge, Cambridge, UK). DVL1 and DVL1-⌬PDZ were cut with EcoRI (5Ј) and XhoI (3Ј) and cloned into p1005-HSV plasmid cut with the same enzymes. DVL2, DVL2-M2, and DVL2-M4 were cut with BamHI (5Ј) and PmeI (3Ј) and cloned into BamHI (5Ј) and EcoRV (3Ј) cut p1005-HSV plasmid. All HSV vectors were packaged, titered, and validated as before (Neve et al., 2005) .
Intra-NAc infusion of viral constructs and minipump placement. HSV surgeries were performed as previously described . Briefly, animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and placed into a stereotaxic apparatus (Kopf Instruments). The skin was incised along the midline and bregma located. Burr holes were drilled, a Hamilton syringe needle was lowered, and the vectors were infused bilaterally at a rate of 0.1 l per minutes to a total volume of 0.5 l. Coordinates for the needle tip as measured from bregma were as follows: anteroposterior, ϩ1.6; lateral, Ϯ1.5; dorsoventral, Ϫ4.4 mm. The needle remained in place for 5 min following the GTGCTGCAAGAGTCCTGTGA GTCGCTCCTGTGCTAGTTCC injection to limit suction of the vector up the needle track. Skin incisions were glued together using VetBond (3M) and animals recovered overnight before any behavior was performed. Mice were used 1-2 d after HSV surgery given the relatively short expression time of the viral vectors, which makes longer recovery times impossible. We have noted in numerous prior studies that the animals are fully recovered at this time point and show no untoward effects Vialou et al., 2010) . Osmotic minipump surgery was performed as previously described . Animals were anesthetized with a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg) and surgically implanted with two subcutaneous Alzet minipumps (model 1002; Durect) and guide cannulae (Plastics One) targeting the NAc bilaterally. One day before surgery, two cannulae (28 gauge stainless steel) were filled with sulindac (1.5 mM; Sigma) or 5% hydroxypropyl ␤-cyclodextrin vehicle (Trappsol; CTD), and each pedestal within the assembly was separately affixed via vinyl tubing to a minipump, each loaded with drug or vehicle. The minipumps were activated on the evening before surgery (by incubating them at 40°C) to initiate a continuous delivery at 0.25 l/h over 14 d. Cannulae, targeting the NAc according to bregma (anteroposterior, ϩ1.5; mediolateral, Ϯ1.0; dorsoventral, Ϫ4.5) were permanently fixed to the skull with Loctite skull adhesive (Henkel). The coordinates used for minipump surgeries were slightly different from those used for viral vector infusions to account for the hardware that is attached to the skull in the former. Cannulae, tubing, and minipumps were all secured under the skin using Vetbond tissue adhesive (3M) and two staples. Mice recovered from surgery for 2 d before beginning behavioral tests to match the recovery times used in the HSV experiments.
Sucrose preference and forced swim tests. Sucrose preference was performed following previously established protocols . Animals were given two identical 50 ml bottles with sipper tubes (Ancare) containing water for 2 d. The third day, animals were provided with one bottle containing 1% sucrose and one bottle containing water. The amount of sucrose and water consumed was measured each day for the next 4 d and reported as percentage of sucrose consumed (sucrose volume/total volume ϫ 100).
The forced swim test was performed as described previously . Animals were placed in a 4 L beaker containing 3 L of water at a temperature of 25 Ϯ 1°C. Tracking was performed with Ethovision for a period of 6 min. The experiment was performed under white light. Animals were analyzed for the amount of time spent mobile versus immobile.
The same mice within each treatment group were used for all behavioral experiments. The overall time course of the experiments was such that animals were first analyzed for sucrose preference on days 1-4 postsurgery, and then for forced swimming on days 2 or 3 (virus or minipump, respectively). Social defeat studies were initiated on day 3 or 4 (virus or minipump, respectively) with social interaction measured 24 h after the last defeat. The short time course was dictated by the duration of viral expression or minipump delivery. Prior data have shown that this order of behavioral testing does not influence findings in the later tests .
Immunohistochemistry and Western blotting. Mice were sedated with chloral hydrate and perfused with 1ϫ PBS followed by 4% paraformaldehyde in 1ϫ PBS at pH 7.4. Whole brains were postfixed in 4% paraformaldehyde overnight and subsequently cryoprotected in 30% sucrose in PBS. Brains were sliced as 35 m sections on a microtome and sections were stored in 1ϫ PBS with sodium azide. Before use, the slices were washed in PBS. They were then blocked with 3% donkey serum blocking buffer and incubated with 1:5000 chicken anti-GFP primary antibody (Aves Labs) overnight. Secondary donkey anti-chicken Cy2 antibody at 1:500 was followed with three washes of PBS. All sections were mounted and allowed to dry on Superfrost Plus slides (VWR). The specimens were dehydrated in ethanol and cleared in Citrisolv (Fisher), and finally coverslipped with DePex. Images were taken with an Axiophot fluorescent microscope (Zeiss).
Bilateral NAc punches, taken as described above, were sonicated in a detergent-based lysis buffer containing phosphatase and protease inhibitors. Samples were then centrifuged for 30 min at 14,000 RPM at 4°C and the supernatant was collected and quantified with the D C kit (Bio-Rad). Laemelli sample buffer was added and equal amounts of protein were analyzed on 4 -15% Tris-HCl Ready Gels (Bio-Rad); resulting gels were transferred to polyvinylidene difluoride membranes, which were blocked in 5% milk and incubated overnight with primary antibodies in 5% BSA or milk. Primary antibodies were used as follows: DVL2, 1:500; ␤-catenin, 1:1000; GSK3-␤, 1:5000; phospho-GSK3-␤(phospho Ser9), 1:500 (Cell Signaling Technology). Blots were then washed and incubated in peroxidaselabeled secondary antibody (Vector Labs). All samples were normalized to GAPDH (1:50,000; Cell Signaling Technology).
Human postmortem tissue. mRNA and protein from human NAc was analyzed as described previously (Covington et al., 2010; Vialou et al., 2010a,b) ; demographic data for the individuals analyzed here are included in these earlier publications. Human postmortem brain tissue was obtained from the Dallas Brain Collection, where tissue is collected from the Dallas Medical Examiner's Office and University of Texas (UT) Southwestern's Tissue Transplant Program following consent of next-ofkin. Tissue was analyzed from both males matched for age, postmortem interval, RNA integrity number (RIN), and pH. Cases were subjected to a standard dissection before snap freezing in Ϫ40°C isopentane and storage at Ϫ80°C; further dissection of NAc was performed on frozen tissue. The UT Southwestern Institutional Review Board reviewed and approved the collection of this tissue for research use. The total number of samples tested was 16 (eight documented depressed individuals and eight matched controls). There was no difference in age, postmortem interval, RNA integrity (as measured by RIN), or brain pH between the groups. All samples were from Caucasian males ( Table 2) .
Molecular pathway analysis. Lists of genes whose mRNA levels or chromatin state were found to be regulated in NAc by chronic social defeat stress or antidepressant treatments, derived from previous studies Krishnan et al., 2007; Covington et al., 2009; were used. Datasets of regulated genes were processed by Ingenuity pathway analysis (Ingenuity Systems) to identify highly regulated molecular signaling pathways.
Statistical analysis. All data are expressed as the mean Ϯ SEM. Mean differences between groups were determined using a Student's t test or a one-way ANOVA, followed by Tukey post hoc tests when the main effect or interaction was significant at p Ͻ 0.05. Statistical analyses were performed using Prism 5.0 (GraphPad Software).
Results

Chronic social defeat stress regulates the DVL pathway in NAc
Several previous studies from our laboratory applied genomewide methods to identify genes whose mRNA expression level or chromatin state is altered in the NAc by chronic social defeat stress or chronic antidepressant treatment Krishnan et al., 2007; Covington et al., 2009; Wilkinson et al., 2009) . Each of these datasets, which focused on regulation in susceptible versus resilient mice or the effects of different types of antidepressant treatments, was subjected to Ingenuity molecular pathway analysis. As illustrated in Figure 1 , one of the most highly and consistently regulated pathways across all of these datasets was the WNT-DVL-GSK3␤ pathway. Prominent among the regulated genes in this pathway was DVL2, which displayed increased repressive histone methylation at its gene promoter in the NAc after chronic social defeat stress, with such regulation seen only in susceptible mice, not in resilient mice, and reversed by chronic antidepressant treatment . Therefore, as a first step in validating these findings, we measured DVL2 mRNA levels in NAc on day 12 (2 d after the last defeat episode and 1 d after the social interaction test) and found, consistent with our earlier data showing induction of repressive histone methylation at the dvl2 gene promoter, that DVL2 expression is indeed decreased by ϳ40% in the NAc of susceptible mice (one-way ANOVA: F (2,26) ϭ 14.70, p Ͻ 0.0001), with no significant change observed in resilient animals ( Fig. 2 A) compared with control animals (Tukey post hoc test). These susceptible and resilient subgroups were identified on the basis of social avoidance evident in susceptible animals, but not resilient animals (Fig. 2 B) . Susceptible animals were significantly more likely to avoid the target during the social interaction test compared with control or resilient animals (one-way ANOVA: F (2,26) ϭ 11.28, p ϭ 0.0003). There was no statistical difference between the control and resilient animals, as evidenced by the Tukey post hoc test. The reduction in DVL2 mRNA expression seen in the NAc of susceptible mice was associated with an equivalent reduction in DVL2 protein (one-way ANOVA: F (2,23) ϭ 11.77, p ϭ 0.0003) (Fig. 2C) , with no difference seen between the control and resilient animals (Tukey post hoc test). As there are three known mammalian isoforms of DVL, we next analyzed mRNA levels of DVL1 and DLV3. We found that these other DVL family members exhibited similar patterns of regulation as observed for DVL2: significant reductions in the NAc of susceptible animals but not resilient animals. In fact, DVL1 showed significantly increased expression in the resilient subgroup (Table 3) . Unfortunately, it was not possible to assay for levels of DVL1 or DVL3 protein in NAc due to the lack of suitable antibodies.
Given this robust regulation of DVL family proteins, we tested the effect of chronic social defeat stress on numerous proteins that are either upstream (e.g., WNT and Frizzled) or downstream (e.g., GSK3␤) in the DVL signaling pathway. As shown in Table 3 , consistent with our molecular pathway analysis, numerous members of this signaling pathway, in addition to DVLs, including specific WNT subtypes, Axin, and GSK3␤, are significantly downregulated in the NAc of susceptible animals after chronic social defeat stress, with none of the changes observed in resilient animals. Together, these data reveal a profound and concerted regulation of DVL signaling in the NAc of susceptible mice. To directly assess the effect of social defeat stress on the functional activity of this pathway in the NAc, we analyzed total levels of GSK3␤ (Fig. 2 D) as well as its phosphorylated form, phosphoSer9, which is functionally inactive (Fig. 2 D) . While total levels of GSK3␤ protein are unchanged (Student's t test, p ϭ 0.6, df ϭ 14), levels of its phosphorylated form are significantly reduced in the NAc of susceptible mice (Student's t test, p ϭ 0.047, df ϭ 15). This reduction in phospho-GSK3␤, which is indicative of an increase in GSK3␤ catalytic activity, is consistent with the down- Krishnanetal.,2007; Covingtonetal.,2009; Wilkinsonetal.,2009) .Red,Genesregulatedby chronic social defeat stress in susceptible mice with reversal seen in resilient mice and after chronic antidepressant treatment; green, genes regulated by chronic social defeat stress in susceptible mice with reversal seen with antidepressant treatment; blue, genes regulated by resilience only; orange, genes regulated in susceptible mice only; yellow, genes regulated by chronic antidepressant treatment only. Frizzled, DVL, CK1, PROP1, and GSK3 displayed evidence of downregulation in the NAc of susceptible mice; WNT4, Axin2, and Groucho1, upregulation in susceptibility; ␤-catenin, upregulation in resilience; and Groucho6, upregulation after antidepressant treatment. The statistical criteria for such regulation are provided in the text. CK1, casein kinase 1; APC, adenomatous polyposis coli; PROP1,PROPpaired-likehomeobox1;TCF/LEF,T-cellfactor/lymphoidenhancerfactor;Groucho,also known as TLE (transducin-like enhancers of split).
Figure 2.
Regulation of DVL-GSK3␤ signaling in the NAc by chronic social defeat stress. A, DVL2 mRNA levels are significantly downregulated at day 12 in susceptible animals, whereas resilient animals show levels comparable to controls (n ϭ 8 -10 per group). B, Social interaction data show increased avoidance in susceptible but not resilient animals (n ϭ 8 -10 per group). C, Protein levels of DVL2 are significantly decreased in susceptible, but not resilient, animals compared with controls at day 12 (n ϭ 8 -10 per group). D, Protein levels of an inactive form of GSK3␤ (pSer9) are significantly decreased at day 12, while overall GSK3␤ protein levels are unchanged (n ϭ 6 -8 per group). Error bars are SEM (*p Ͻ 0.05).
regulation of DVL signaling observed in the NAc of susceptible mice. We also found that levels of both total and phospho-GSK3␤ are unchanged in the resilient animals compared with the control state (data not shown).
As our group has previously validated several biochemical changes observed in the social defeat paradigm in human depression Covington et al., 2010; Vialou et al., 2010a,b) , we investigated mRNA levels of all three DVL isoforms in the NAc of depressed humans examined postmortem. We found that mRNA levels of all three DVL isoforms were significantly decreased in depressed patients: DVL1 mRNA was decreased by 55% ( p ϭ 0.042), DVL2 mRNA by 42% ( p ϭ 0.031), and DVL3 mRNA by 39% ( p ϭ 0.041; all analyses by one-tailed Student's t tests, df ϭ 14, n ϭ 8 per group). We did not find changes at the mRNA level in any of the other genes listed in Table 1 (data not shown). This difference between our mouse social defeat model and human depression might reflect greater heterogeneity in the human samples, as would be expected. We also analyzed DVL2 protein and found that it was significantly decreased in the NAc of depressed patients, consistent with the human mRNA data and our findings in mouse social defeat (twotailed t test, p ϭ 0.013, df ϭ 14, n ϭ 8 per group). In contrast, several control proteins (e.g., GAPDH, ␤-actin) showed no difference between depressed and control humans, demonstrating specificity of our findings for DVL2.
Downregulation of the DVL pathway in NAc promotes depression-like behavior
We next studied the behavioral consequences of the downregulation of DVL signaling in the NAc of susceptible mice by constructing HSV vectors that overexpress wild-type forms of DVL or a dominant-negative mutant. The latter, DVL1-⌬PDZ, lacks a PDZ domain in the protein, which has been shown to be required for DVL polymerization and downstream signaling to GSK3␤ and ␤-catenin in several systems (Krylova et al., 2000; Uematsu et al., 2003; Grandy et al., 2009; Gao and Chen, 2010) . We used DVL1 constructs, as opposed to DVL2 constructs, because the latter were not readily available. These HSV vectors were then injected bilaterally into the NAc of C57 mice and the mice were analyzed in a battery of behavioral tests. The discrete targeting of the NAc enabled by these vectors is illustrated in Figure 3A . This HSV vector system infects neurons only, with approximately a third of neurons in the injection area affected, while producing no greater cytotoxic effects than seen with vehicle injections alone, and has been used with great success in numerous in vivo studies (Carlezon et al., 1998; Barrot et al., 2002; Neve et al., 2005; Krishnan et al., 2007 Covington et al., 2010) . To validate the new DVL constructs, we overexpressed them in mouse NAc and demonstrated that HSV-DVL1 increases phospho-GSK3␤, while HSV-DVL1-⌬PDZ decreases phospho-GSK3␤, without affecting total levels of the protein, as would be expected (Fig. 3B) .
We first tested whether overexpression of wild-type or mutant DVL altered the susceptibility of mice to social defeat stress by using a submaximal period of stress, which does not induce social avoidance in normal animals . Animals that received intra-NAc injections of HSV-GFP as a control showed levels of social interaction (Fig. 3C ) roughly comparable to nondefeated mice, although somewhat lower due to interexperiment variability and the effect of intracranial surgery (Fig.  2 B) . In contrast, animals that received intra-NAc injections of HSV-DVL1-⌬PZD developed significant social avoidance (Fig.  3C) , whereas overexpression of wild-type HSV-DVL1 or HSV-DVL2 had no significant effect (one-way ANOVA: F (3,26) ϭ 9.415, p ϭ 0.0002; there was no difference between the HSV-DVL1 and HSV-DVL2 overexpression groups and control as shown by Tukey's post hoc test). We next examined the effect of wild-type or mutant DVL in the sucrose preference test, where a reduction in sucrose consumption is used as a measure of anhedonia, indicative of a depression-like state (Moreau et al., 1992; Willner, 1997) . Animals were presented with two bottles (1% sucrose and water) for the 4 d following HSV surgery and the percentage of sucrose consumed was measured. Consistent with the social avoidance measure after social defeat, we found that intra-NAc overexpression of HSV-DVL1-⌬PZD significantly reduced sucrose consumption, compared with HSV-GFP-injected control mice, with no effect seen on overexpression of wild-type DVL1 or DVL2 (one-way ANOVA: F (3,30) ϭ 12.45, p Ͻ 0.0001; the lack of significance between DVL1 or DVL2 overexpression and the control group was shown by Tukey's post hoc test) (Fig. 3D) .
The forced swim test is widely used as an acute screen for antidepressant-like activity (Porsolt et al., 1977) , with acute exposure to an antidepressant reducing the amount of time a mouse is immobile when placed in a water bath. Mice that received intra-NAc injections of HSV-DVL1-⌬PZD, compared with HSV-GFP control mice, displayed the opposite effect, an increase in immobility (one-way ANOVA: F (3,24) ϭ 3.887, p ϭ 0.0214) (Fig. 3E) . Overexpression of wild-type DVL1 or DVL2 had no effect (Tukey's post hoc test). Together, these findings show that, in three distinct behavioral assays, downregulation of DVL function in NAc, which mimics DVL downregulation in susceptible mice after chronic social defeat stress, increases depression-like behavior.
The data reported above demonstrated that HSV-DVL1 or HSV-DVL2 infused into the NAc before a submaximal defeat paradigm had no effect on susceptibility. To further explore the possible effects of wild-type DVLs in social defeat, we used a more aggressive social defeat paradigm, which is known to induce a full extent of social avoidance in normal mice but over an accelerated time frame that is consistent with the limited duration of HSV expression . We found that neither HSV-DVL1 nor HSV-DVL2 reduced the degree of social avoidance exhibited by HSV-GFP control animals subjected to this accelerated social defeat paradigm (data not shown). None of the viral vectors used affected social interaction times in nondefeated control animals (data not shown). These data indicate that, while reducing DVL function with DVL1-⌬PDZ is sufficient to promote susceptibility, increasing DVL function with wild-type DVL1 or DVL2 is not sufficient to induce resilience.
Pharmacological blockade of the DVL pathway promotes depression-like behavior
To complement viral-mediated manipulation of DVL activity in the NAc, we studied whether pharmacological blockade of DVL signaling also results in a depression-like phenotype. We used sulindac, a commercially available compound, which has been shown, among other actions, to block canonical WNT signaling by disrupting the PDZ domain of DVL (Lee et al., 2009) . Sulindac was infused bilaterally into the NAc by use of osmotic minipumps to deliver the drug at a constant rate over a 2 week period. We confirmed that sulindac infusions, compared with vehicle infusions, caused the expected biochemical effect-inhibition of the DVL pathway-as evidenced by a significant reduction in levels of phospho-GSK3␤ (one-way ANOVA: F (3,29) ϭ 4.375, p ϭ 0.0117) (Fig. 4 A) , with no effect on the total amount of the protein or on levels of several control proteins (e.g., GAPDH, ␤-actin). Sulindac-and vehicle-infused mice were then analyzed in the same behavioral battery that was used in our HSV study above. Intra-NAc administration of sulindac, like intra-NAc overexpression of DVL1-⌬PDZ, rendered mice more susceptible . Pharmacological inhibition of DVL activity in the NAc promotes depression-like behavior. A, Intra-NAc infusion of sulindac significantly decreases levels of phospho-GSK3␤ (pGSK3␤), while total levels of GSK3␤ remain unchanged (n ϭ 8 -10 per group). B-D, IntraNAc administration of sulindac renders mice more susceptible to submaximal chronic social defeat stress (B, n ϭ 6 -8 per group), as well as decreases sucrose preference (C, n ϭ 8 -9 per group), and increases immobility in the forced swim test (D, n ϭ 8 -9 per group). Error bars are SEM (*p Ͻ 0.05).
to submaximal chronic social defeat stress (Student's t test, p ϭ 0.037, df ϭ 14) (Fig. 4 B) , decreased sucrose preference (Student's t test, p ϭ 0.01, d ϭ 15) (Fig. 4C) , and increased immobility in the forced swim test (Student's t test p ϭ 0.01, df ϭ 15) (Fig. 4 D) , all of which are prodepression-like effects. In contrast, sulindac had no effect on general levels of arousal based on normal levels and patterns of locomotor activity in an open field (data not shown).
GSK3␤ overexpression recapitulates a depression-like phenotype
As GSK3␤ is the primary mediator of DVL signaling in the canonical pathway (Gao and Chen, 2010) , we were interested in assessing the behavioral consequences of viral manipulation of GSK3␤ in the NAc. Indeed, as stated earlier, levels of phospho-GSK3␤ are downregulated in the NAc of susceptible mice after chronic social defeat stress, as would be expected from a decrease in DVL function. Since a decrease in phospho-GSK3␤ reflects an increase in its catalytic activity, our hypothesis was that overexpression of wild-type GSK3␤, like overexpression of DVL1-⌬PDZ, would promote depression-like behavior.
C57 mice received bilateral intra-NAc injections of HSV-GSK3␤ or HSV-GFP as a control and were subjected to a submaximal course of chronic social defeat stress. As seen with DVL1-⌬PDZ, animals that overexpressed GSK3␤ in the NAc displayed greater susceptibility to defeat stress, as indicated by the development of social avoidance, which was not seen in GFPexpressing control mice: GFP animals showed a social interaction score of 80 Ϯ 7 versus 52 Ϯ 2 in GSK3␤ animals (Student's t test, p ϭ 0.023, df ϭ 17). Similarly, mice overexpressing GSK3␤ in the NAc displayed a reduction in sucrose preference (one-way ANOVA: F (2,21) ϭ 11.19, p ϭ 0.0005) (Fig. 5A) as well as an increase in immobility in the forced swim test (one-way ANOVA: F (2,14) ϭ 4.107, p ϭ 0.04) (Fig. 5B) . These findings support the view that the effect of DVL downregulation on depression-like behavior is mediated via DVL's canonical signaling pathway. In both paradigms, Tukey post hoc tests demonstrated no difference between the HSV-GFP-treated animals and those treated with HSV-dnGSK3␤ (the dominant-negative mutant of the enzyme).
We also considered the converse experiment whereby expression of dnGSK3␤ might decrease depression-like behavior. Mice received bilateral intra-NAc injections of either HSV-dnGSK3␤ or HSV-GFP and were then subjected to the accelerated paradigm of defeat stress described above, which induces maximal social avoidance in normal animals over the limited period of HSV expression . We found that overexpression of dnGSK3␤ in the NAc is sufficient to prevent the social avoidance induced by subsequent exposure to social defeat stress, as seen in GFP-expressing mice (Fig. 5C ). Next, we were interested in examining whether overexpression of dnGSK3␤ could also reverse the deleterious effects of prior social defeat stress. To test this possibility, mice were subjected to the accelerated social defeat paradigm after which they received intra-NAc injections of HSV-dnGSK3␤ or HSV-GFP. Surprisingly, dnGSK3␤ overexpression in the NAc, poststress, did not reverse the social avoidance induced by social defeat stress (one-way ANOVA: F (2,15) ϭ 16.06, p ϭ 0.0002; Tukey post hoc testing demonstrated no difference between HSV-GFP and HSV-dnGSK3␤ in the postdefeat treated animals) (Fig. 5C ). These findings suggest that DVL-GSK3␤ pathway manipulation must be in place during the chronic stress to abrogate stressinduced behavioral abnormalities.
Discussion
The current study demonstrates the usefulness of genome-wide chromatin analyses to identify novel targets in animal models of psychiatric disease. While the success of this approach has previously been shown in addiction models Maze et al., 2011) , this is one of the first studies to do so in an animal model of depression. Based on the molecular pathway analysis of Figure 5 . Behavioral effects of GSK3␤ manipulation in the mouse NAc. A, B, Similar prodepression-like effects of HSV-GSK3␤ were seen in the sucrose preference test (A, n ϭ 6 -8 per group) and the forced swim test (B, n ϭ 5-7 per group). In both assays, there was no difference between the control virus (GFP) and dnGSK3␤. C, dnGSK3␤ attenuates avoidance in the social interaction test induced by the accelerated paradigm of chronic social defeat stress when expressed before, but not after, the stress (n ϭ 4 -5 per group). Error bars are SEM (*p Ͻ 0.05).
mRNA expression levels and of repressive histone methylation in the NAc in response to chronic social defeat stress ), we identified DVL2 as being significantly downregulated in susceptible mice, but not in resilient mice. We go on to establish the regulation of several proteins in the WNT-DVL-GSK3␤ signaling cascade in this brain region of susceptible mice, and demonstrate directly that such altered signaling contributes to a depression-like phenotype in the social defeat paradigm and other behavioral assays.
We first show that there is widespread downregulation at the mRNA and protein level in the NAc of several genes in the WNT-DVL-GSK3␤ pathway in response to chronic social defeat stress. While our previous work led us first to test DVL2 ), we found not only that the other known isoforms of DVL (DVL1 and DVL3) were downregulated by defeat stress, but also that several upstream and downstream members of the pathway (certain WNT family members, Frizzled receptors, Axin) were downregulated and that these adaptations are associated, as would be expected, with reduced levels of phospho-GSK3␤. Moreover, we demonstrated that these changes in DVLs were also found in the NAc of depressed humans examined postmortem, which provides important validation of our data in mice.
We next used viral-mediated gene transfer to directly downregulate activity of DVL proteins locally within the NAc of adult mice. We accomplished this by using a dominant-negative mutant of DVL, DVL1-⌬PDZ, which has been shown to block signaling by all DVL isoforms in several experimental systems and tissues (Krylova et al., 2000; Uematsu et al., 2003; Grandy et al., 2009; Gao and Chen, 2010) . This mutation blocks DVL signaling since the PDZ domain is required for DVL polymerization, Axin binding, and downstream phosphorylation and inhibition of GSK3␤. We show that intra-NAc injection of HSV vectors expressing DVL1-⌬PDZ is sufficient to increase susceptibility to a submaximal protocol of social defeat stress and to decrease sucrose preference test and increase immobility in the forced swim test, both prodepression-like effects. Similar findings were obtained when we pharmacologically inhibited the PDZ domain of DVL with local infusion of sulindac into the NAc. While sulindac is not selective for this action (it is best characterized as a cyclooxygenase inhibitor), it has been shown to decrease DVL signaling in the canonical pathway in peripheral tissues , and we validated similar actions in the NAc upon direct infusion of the drug into this brain region. As found with DVL1-⌬PDZ overexpression, sulindac infusion increased susceptibility to chronic social defeat stress and induced prodepression-like effects in the sucrose preference and forced swim tests. It would be important to follow up these findings with more selective pharmacological inhibitors of DVL activity once such inhibitors become generally available.
Given the dramatic regulation of GSK3␤, the downstream effector of canonical DVL signaling, in the social defeat paradigm, we directly examined the influence of this enzyme in depression-like behavior. The dephosphorylated form of GSK3␤ is catalytically active and capable of phosphorylating ␤-catenin and several other downstream substrates. DVL inhibits GSK3␤ by disrupting the complex it normally forms with other proteinsincluding Axin, adenomatosis polyposis coli, and ␤-catenin-and thereby enabling its phosphorylation (at Ser9) by AKT (also known as protein kinase B). Thus, downregulation of DVL, and of phospho-GSK3␤, in the NAc of susceptible mice would be expected to increase GSK3␤ catalytic activity and would support the hypothesis that GSK3␤ overexpression, like DVL inhibition, in this brain region would induce a prodepression-like effect. Indeed, we demonstrate here that overexpression of wild-type GSK3␤ induces a depressionlike phenotype including increased susceptibility to chronic social defeat stress, decreased sucrose preference, and increased immobility in the forced swim test. Conversely, we show that overexpression of a dominant-negative form of GSK3␤ in the NAc, before the social defeat paradigm, enhances resilience to subsequent stress.
Interestingly, we found that overexpression of dnGSK3␤ in the NAc did not reverse the deleterious effects of prior exposure to stress, suggesting that manipulation of GSK3␤ signaling may be most effective in prophylaxis to stress as opposed to being used to treat existing depression. Findings with wild-type DVL were even more striking: overexpression of DVL1 or DVL2 in this brain region neither prevented the deleterious effects of subsequent social defeat nor reversed the effects of prior defeat. These results may reflect the profound dysregulation of the WNT-DVL-GSK3␤ signaling pathway both upstream and downstream of DVL (Table 3) , thus rendering manipulation of DVL itself, as opposed to GSK3␤, unable to influence the effects of subsequent stress. These experiments illustrate the utility of our viral vectors and mouse models to explore which particular protein in the WNT-DVL-GSK3␤ pathway might be best suited for targeting with novel antidepressants.
Our work on DVL-GSK3␤ in the NAc in depression models is largely consistent with several recent findings performed in other brain regions. Okamoto et al. (2010) reported recently that chronic treatment with any of several antidepressants increases WNT signaling, including downstream regulation of DVL and GSK3␤, in hippocampus, effects opposite to those observed here in response to chronic stress. Also, consistent with our functional data showing a depression-like phenotype upon blockade of DVL signaling, Okamoto et al. (2010) found that viral-mediated overexpression of WNT2 in this brain region increased sucrose consumption and decreased the number of escape failures in the learned helplessness test, both antidepressant-like effects. In contrast, Dahlhoff et al. (2010) reported effects in the opposite direction: a single brief foot shock stress increased AKT signaling and decreased GSK3␤ activity in hippocampus and amygdala. While further research is needed to clarify these conflicting observations, the possible convergence of WNT-DVL-GSK3␤ regulation in hippocampus, with our findings in NAc, is striking, since many other proteins and biochemical pathways (e.g., BDNF-TrkB signaling, CREB, histone deacetylase-5, among others) have been found to play opposing roles in the NAc versus hippocampus in depression models (Nestler and Carlezon, 2006; Tsankova et al., 2006; Renthal et al., 2007) . Such converging actions across multiple brain regions highlight the possibility that the WNT-DVL-GSK3␤ cascade may be a particularly attractive one for the development of novel antistress treatments. This notion is supported by a recent study that demonstrated that a global knock-in (Ser9Ala) mutation of GSK3␤ to prevent its phosphorylation and inhibition increases susceptibility to depression-like behavior (Polter et al., 2010) .
Indeed, a large amount of literature has long suggested the possible importance of GSK3␤ antagonism by lithium in the treatment of bipolar disorder (Davis et al., 1999; Kupka et al., 2003; Geddes et al., 2004) , although there still is no direct evidence whether this or any of the many other known molecular actions of lithium mediates its antimanic properties. Moreover, there are unconfirmed reports of abnormal GSK3␤ signaling, as well as possible genetic variants, in bipolar and perhaps other mood disorders (Inkster et al., 2010; Pandey et al., 2010) . The Inkster et al. (2010) study, which fits nicely with our data, also showed that polymorphisms in several WNT-DVL-GSK3␤ path-way genes, including DVL2 specifically, are correlated with depression and certain neuropathological findings. However, considerable work in the pharmaceutical industry to date suggests that GSK3␤ per se does not represent a viable drug target due to peripheral toxicity seen with systemic enzyme inhibition (Cohen and Goedert, 2004) .
Accordingly, the present study, along with several others (Okamoto et al., 2010) , are important because they provide a template that can be used to achieve net inhibition of GSK3␤ by targeting any of several upstream or downstream proteins that could potentially be better tolerated. While much future work is needed to study this possibility, results of the present study demonstrate a novel role for DVL and GSK3␤, acting in the NAc, in mediating the deleterious effects of chronic social defeat stress, and highlight the need for further research to delineate the exact downstream molecular pathways involved.
